Introduction
Amyloids are highly ordered fibrillar protein aggregates with a cross -sheet structure (Chiti and Dobson, 2006) , which binds Congo red and thioflavin dyes (Klunk et al., 1989; Naiki et al., 1989) . Amyloids were originally defined as extracellular deposits in several human diseases, but the nomenclature now also includes numerous protein aggregates with nonpathological origins, raising the possibility that amyloid formation is an inherent property of many different proteins with diverse biological functions. (Chiti and Dobson, 2006) . Representative examples of such nonpathological amyloid formation are budding yeast Saccharomyces cerevisiae prion proteins such as Sup35 and Ure2 (Cox, 1965) .
Sup35 normally functions as a translation termination factor required for cell survival, but aggregated forms of Sup35 are the determinant of a prion phenotype [PSI + ]. [PSI + ] propagation is strictly dependent on the amount of Hsp104 (Chernoff et al., 1995) , a chaperone which disassembles protein aggregates in an ATP-dependent manner with the aid of the Hsp70/40 system (Doyle and Wickner, 2009 ). Sup35 fused with GFP in [PSI + ] cells gives rise to the formation of visible spherical aggregates, called foci, in the cytosol (e.g., Patino et al., 1996; SatputeKrishnan and Serio, 2005; Song et al., 2005; Kawai-Noma et al., 2006) , which are one of the indicators of the [PSI + ] phenotype (Tuite and Cox, 2003) . The foci are not dead-end complexes as our previous time-lapse imaging revealed that the spherical foci, which are formed by the expression of the N-terminal (N) and middle (M) domains of Sup35 fused with GFP (Sup35NM-GFP) in [ 
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EM, immuno-EM, and CLEM. By comparing light and electron microscopic images, CLEM provides high-resolution imaging of fluorescently labeled subcellular structures (Haraguchi et al., 2008) and is therefore well-suited for detecting the ordered structure of the aggregated form of prion proteins within a cell.
We first performed rapid-freeze EM analysis to obtain images of the Sup35NM-GFP aggregates in [PSI + ] cells as well as in G74-D694 [PSI + ] cells, in which GFP was inserted between the N and M domains of the endogenous Sup35 protein (Kawai-Noma et al., 2009) . We found many spherical particles with ordered fibrillar structures (Fig. 1, A-F) . Several types of structures were observed in [PSI + ] cells, including fibrils aligned in parallel (Fig. 1 A) , amorphous bundles (Fig. 1, B and C) , and a mixture of both (Fig. 1 D) ] cells expressing Sup35NM-GFP contained distinct, ordered particles in which perfectly aligned fibrils were randomly assembled (Fig. 1, E and F) . The diameter of each fibril in these cells was around 20 nm, which is similar to the diameter of the full-length Sup35 fibrils formed in vitro (Glover et al., 1997; Krzewska and Melki, 2006) . In some particles, we observed honeycomb structures, which likely correspond to sectioned Sup35 fibrils generated by thin slicing (Fig. 1 E and see Fig. 4 ). To determine whether the fibrillar structures observed in the rapid-freeze EM images contained Sup35NM-GFP, we conducted immunogold labeling of the thin sections using an anti-GFP antibody. As shown in the gallery (Fig. 1, G-I Fig. S2, left) . Thin-section EM images for the same cell revealed the structure of the same aggregate identified by fluorescence microscopy ( Fig. 2 A, right, boxed region). We observed some dense structures in the magnified image ( Fig. 2 B and Fig. S2, right) , which are similar to structures observed using rapid-freeze EM techniques (Fig. 1, B and C) . We processed the structure by Fourier transformation and found that it appeared to contain some fibril-like structures (Fig. 2 C; compare this with Fig. 1, C and D) . We note that we did not find such fibrillar structures in serial sections of [psi  ] cells using CLEM (Fig. S1 E) Because the shape of the aggregate can be switched from a spherical to rodlike form by a treatment with GuHCl, an inhibitor diffuse oligomers (Kawai-Noma et al., 2006; Taguchi and KawaiNoma, 2010 Tuite et al., 1981) , which is known to cure [PSI + ] by perturbing Hsp104 (Zhou et al., 2001; Kawai-Noma et al., 2009) .
In vitro, recombinant Sup35 proteins bearing the priondetermining N-terminal domain form fibrils with a diameter of 10-20 nm, depending on the Sup35 constructs used in the studies (Glover et al., 1997; Kishimoto et al., 2004; Krzewska and Melki, 2006) . The fibrils meet many of the criteria for typical amyloids such as binding of Congo red and thioflavin dyes, seed-dependent self-propagation, and cross -sheet structures, as revealed by x-ray fiber diffraction (Glover et al., 1997; Kishimoto et al., 2004; Krzewska and Melki, 2006 ] cells by conventional fluorescence microscopy using Sup35-GFP fusion proteins (Patino et al., 1996; Zhou et al., 2001; Ganusova et al., 2006; Kawai-Noma et al., 2006) . Despite the advantage of molecular selectivity, fluorescence microscopy typically provides only lowresolution images, which are insufficient to elucidate structural details. To improve the spatial resolution of images of Sup35 aggregates, we used several imaging techniques such as rapid-freeze (2 sections × 2 z sections; see Z = 5 and Z = 6), revealed that a dotlike aggregate continued toward the z axis to form a rod-shaped aggregate. Correlative EM images of the fluorescent structure showed an ordered honeycomb structure (Fig. 4 , Z = 5 and Z = 6, right). Each dot of the honeycomb structure was fibrous, rather than spherical, because a continuous structure from each dot was observed in EM images of serial sections (Fig. 4 , Z = 7, right), suggesting that a rod-shaped aggregate was formed with parallel fibrils aligned laterally to create a honeycomb structure, as also found in the spherical aggregates ( . The fibrils were aligned laterally, and the lengths of the bundled structures ranged from 0.5 to 2 µm. We also observed similar laterally bundled fibrils by rapid-freeze EM (Fig. 3 D) . Immunogold labeling in the rapid-freeze EM revealed preferential gold labeling on the fibrillar structures, confirming that the laterally bundled fibrils contained E and F) .
To obtain additional structural information about fibrillar bundles, we examined other rod-shaped aggregates that were perpendicularly localized to the sectioning plane in GuHCltreated [PSI + ] cells by CLEM. As shown in Fig. 4 , deconvolved three-dimensional fluorescence images, covering 1 µm in depth 
SDD-AGE analysis of [PSI

+
] lysate treated with 1% SDS, but without GuHCl treatment, revealed that the major fraction of Sup35NM-GFP oligomers ranged from 700 to 4,000 kD ( Fig. 5 A, left lane) . Assuming that the oligomers are globular in shape, diffusion constants ranging from 25 to 14 µm 2 /s were calculated from the molecular masses. However, an FCS analysis of the diffuse oligomers in the lysate (Fig. 5 B (Kryndushkin et al., 2003) . Note that the diffusion constants of monomeric GFP and Sup35NM-GFP in the SDS-treated lysates of [psi -] cells measured by FCS, in addition to the diffusion constants of synthesized and dye-labeled proteins in solution, were consistent with those expected from their molecular masses with the assumption that the molecules are globular (Fig. 5 , B [black and blue curves] and C; .
The discrepancy between the results of the SDD-AGE and FCS analyses of the [PSI + ] lysates can be reconciled by the assumption that the oligomers are not globular, but fibrillar in shape. The Perrin equation is frequently used to estimate whether We also showed that the cytoplasm in GuHCl-treated cells containing rod-shaped aggregates also contained diffuse oligomers (Kawai-Noma et al., 2009 ). In addition, time-lapse imaging of single living cells revealed that the rod-shaped aggregates changed into spherical aggregates, which have a dynamic nature, when the GuHCl was removed to reactivate Hsp104 activity (Fig. S3 ). This result raised the question of which structure is adopted by diffuse oligomers after the dispersion from spherical or rod-shaped aggregates.
To clarify the shape of diffuse oligomers, we conducted a simulation based on the results of semidenaturing detergent agarose gel electrophoresis (SDD-AGE; Kryndushkin et al., 2003) and Sup35 prions in cells. The CLEM analysis demonstrated that the visible fluorescent aggregates, which are often regarded as a hallmark of prions, were composed of bundled fibrils. The appearance of the bundled structures varied from less-ordered, amorphously bundled structures to well-ordered, laterally associated fibrils, with some assembled in a honeycomb structure. Fibrillar structures were observed irrespective of the different fixation methods used in this study, confirming that the fibrillar structures were not caused by an artifact of fixation.
A previous thin-section EM analysis of another yeast prion, [URE3], revealed that [URE3] prion cells overexpressing Ure2 contain irregularly associated filaments composed of Ure2 (Speransky et al., 2001) . Such filamentous aggregates of Ure2 seem to be similar to the less-ordered, amorphous bundled fibrils in [PSI + ] cells (Fig. 1 , B and C; and Fig. 2) , suggesting that this lessordered, amorphous bundled fibril is a common structure among prions, although we also observed other types of aggregates, including highly ordered fibrils, in [PSI + ] cells (Fig. 1, A, E, and F) . In addition to the fibrillar structures visualized by EM, the FCS analysis combined with SDD-AGE revealed that the diffuse Sup35 oligomers, which cannot be visualized by EM or conventional fluorescent microscopy, are prolate in shape, suggesting that the diffuse Sup35 oligomers are also rodlike (fibrillar) structures in cells. Using EM analysis, Bagriantsev et al. (2008) observed 20-nm-wide bundles of Sup35 oligomers (also called polymers), which were prolate in shape, isolated from [PSI + ] lysates, supporting the fibrillar structures of the diffuse molecules with equivalent molecular masses are globular or prolate in shape (Björling et al., 1998; . The Perrin factor, F, which correlates the axial ratios of the molecules (Fig. S4 A) , was calculated as 3 for both types of oligomers from [PSI + ] cells with or without GuHCl treatment (Fig. 5 C, green, orange, and red symbols). A Perrin factor of 3, which corresponds to an axial ratio (length/diameter) of 65 (Fig. S4 A) , indicates that the Sup35NM-GFP oligomers in [PSI + ] lysates are fibrillar in shape, suggesting that the oligomers are fragmented forms of the fibrils that were observed in the EM images. We also note that almost the same Perrin factors were obtained for different molecular masses of the diffuse oligomers from [PSI + ] cells with or without GuHCl treatment (Fig. 5 C) , implying that the aggregates containing Sup35NM-GFP oligomers in GuHCltreated cell lysates are both longer and thicker than those in GuHCl-untreated cells because the axial ratio should be the same in both oligomers (Fig. S4 B) . (Fig. 5) , we propose that Hsp104 promotes the dissociation of laterally associated bundled fibrils, in addition to their fragmentation, for the following reason. If Hsp104 only fragmented the fibrils, impaired Hsp104 function would result in longer fibrils, leading to a larger axial ratio, as the diameter of the fibrils is the same. However, this is not the case because the axial ratios calculated from the Perrin factors were the same, irrespective of the presence of GuHCl. To maintain the same axial ratios with or without the Hsp104 function, we have to assume that the lateral association of fibrils is enhanced in the Hsp104-impaired cells, resulting in the bundled, and thus thicker, fibrils (Fig. S4 B) . Actually, EM analyses revealed that the fibrils are assembled in laterally associated forms in [PSI + ] cells (Figs. 1-4 ), supporting our hypothesis that Hsp104 has the ability to dissociate the laterally associated fibrils, besides the fibril-cleaving activity.
Conclusion
In conclusion, using several EM imaging methods and fluorescence microscopy, we found that the spherical and rod-shaped Sup35 aggregates in [PSI + ] cells are composed of fibrillar structures that correspond to those formed in vitro. In addition, Sup35 oligomers that are more diffuse in the cytoplasm are also fibrillar, suggesting that the diffuse oligomers are fragmented forms of the fibrils that were observed in EM images. This in vivo evidence for the fibrillar structures of Sup35 prions in yeast cells highlights the importance of amyloid fibrils in vivo and provides further opportunities to incorporate in vitro studies on amyloid fibrils into in vivo prion biology.
Materials and methods
Yeast strains and media
The strains used in this study were ] and [psi  ]) strains. GFP was inserted into the chromosomal SUP35 gene of G74-D694, in between the N and M domains. G74-D694 was constructed by transforming 74-D694 with the integration plasmid YIp211-NGMC, which is a URA3-based plasmid carrying SUP35NGMC (Kawai-Noma et al., 2009 ). SRaf-Leu medium, a synthetic complete medium (using Difco yeast nitrogen base) lacking Leu (SC-Leu), was used (Sherman, 2002) . SRaf-Leu medium contained 2% raffinose instead of glucose. To induce the expression of the GAL1 promoter, galactose was added to a final concentration of 2% (wt/vol). For the GuHCl treatment, GuHCl was added to the medium at 5 mM. Yeast strains were grown at 30°C.
Plasmids
The yeast plasmid YCp-GAL1p-SUP35(NM)-GFP [LEU2], expressing the Sup35NM domain conjugated to GFP by the galactose-inducible GAL1 promoter, was previously described (Kawai-Noma et al., 2006 .
Rapid-freeze EM Cells were mounted on a copper grid (HF51; Pyser-SGI) to form a thin layer and immersed in liquid propane (187°C) cooled with liquid nitrogen in an EM cryoworkstation (CPC; Leica). The frozen cells were transferred to anhydrous acetone containing 2% OsO 4 (Merck) at 80°C in an EM automatic freeze-substitution apparatus (AFS; Leica), maintained at 80°C for 78 h, warmed gradually to 0°C over 11.4 h, maintained at 0°C for 1.5 h, warmed gradually to 23°C over 3.9 h, and incubated at 23°C for 2 h. After washing three times with anhydrous acetone, the samples were infiltrated with increasing concentrations of Spurr's resin in anhydrous acetone and finally with 100% Spurr's resin. After polymerization (5 h at 50°C plus 60°C for 2-3 d)
Sup35 oligomers in [PSI
+
] cells. The dimensions of the 20-nmwide structures of the bundles observed by Bagriantsev et al. (2008) ] cells ranged from less ordered to highly ordered. Although the mechanism for generating these distinct assemblies is unclear, we suggest the possibility that the composition of the aggregates might differ in these distinct aggregates. Because the fibrils with a diameter of 20 nm are tightly packed in the highly ordered aggregates, other components, such as chaperones, would be excluded from the aggregates. However, the less-ordered aggregates might contain associated proteins.
Connection of fibrils in [PSI + ] cells with amyloid fibrils
We could not immediately connect the fibrillar structures in
] cells with amyloid structures that contain cross -sheet structures, as our EM analyses relied on the morphologies of the aggregates. However, the following points prompted us to propose that the fibrillar structures are amyloid fibrils. First, Kimura et al. (2003) reported that spherical Sup35-GFP aggregates were stained by an amyloid-staining dye, thioflavin S, suggesting that the spherical aggregates we analyzed were composed of amyloidcontaining structures. Second, the diameters of the fibrils in the images were around 20 nm, which resembles the dimensions of the full-length Sup35 fibrils formed in vitro (Glover et al., 1997; Krzewska and Melki, 2006) , also suggesting that the fibril structures we observed are amyloid fibrils. Finally, the resistance of the fibrillar-shaped oligomers detected by FCS and SDD-AGE to 2% SDS implies that the oligomers are amyloid because the SDS resistance is one of the necessary conditions for amyloid structures.
The rod-shaped aggregates we observed in GuHCl-treated cells were composed of bundled longer fibrils, reaching up to 2 µm in length. It is important to emphasize that, irrespective of whether the aggregates appear to be either spherical or rod-shaped by fluorescent microscopy, the aggregates are composed of similar 20-nm-thick fibrils, as determined by EM analyses. Because the 20-nm-thick fibrils, which were found in spherical aggregates, were amyloids, as discussed in this section, the longer fibrils in the rod-shaped aggregates should also be amyloids.
Implications for Hsp104 remodeling activity
Because GuHCl inhibits Hsp104, which can fragment Sup35 fibrils in vitro (Inoue et al., 2004; Shorter and Lindquist, 2004) , the loss of fibril fragmentation caused by impaired Hsp104 function would predictably generate longer fibrils observed in the rod-shaped aggregates. We showed that the rod-shaped aggregates were dynamically converted to spherical aggregates when we removed GuHCl from the medium, suggesting that the recovery of Hsp104 function would fragment the longer fibrils into shorter ones. These shorter fibrils might then be assembled into the spherical aggregates.
SDD-AGE
The lysates were incubated in sample buffer (0.5% Tris-acetate-EDTA, 2% SDS, 5% glycerol, and 0.05% bromophenol blue) for 5 min at 37°C (Kryndushkin et al., 2003) and were fractionated by electrophoresis using horizontal 1.8% agarose gels in Tris-acetate-EDTA buffer containing 0.1% SDS. The proteins were transferred to a polyvinylidene fluoride membrane (Immobilon; Millipore) and were analyzed by Western blotting. The bound antibody (anti-Sup35 antibody; Patino et al., 1996) was detected by chemiluminescence (Immobilon Western; Millipore).
FCS measurements and simulations of molecular shapes All FCS measurements were performed at 25°C on a confocal microscope (LSM510; Carl Zeiss, Inc.) combined with a ConfoCor 2 (Carl Zeiss, Inc.). Details of the analysis of fluorescence auto-correlation functions (FAFs) and the simulation of the molecular shapes of various proteins were described in our previous studies (Pack et al., 1999 Kawai-Noma et al., 2006 
On-chip cultivation system
The microcultivation chamber array chip consisted of microchambers positioned on 0.2-mm-thick glass slides (24 × 36 mm; Matsunami). By enclosing the cells in the microchambers, we were able to observe them in liquid medium for a long time without them leaving the field of vision of the objective lens (Inoue et al., 2001; Umehara et al., 2003; Ayano et al., 2004; Kawai-Noma et al., 2006) . The microchamber array, which was made of negative photoresist SU-8 10 (Microlithography Chemical Co.), was photolithographically microfabricated on a glass slide (Ayano et al., 2004) . Each microchamber in the array was designed with a surface area of 1,500 µm 2 and a 10-µm-high wall. The cultivation system was used with a brightfield optical microscopy system (IX-71 inverted microscopy with a UPlan-Apochromat 100× NA 1.35 oil immersion objective lens; Olympus) with an EM charge-coupled device camera (iXon; Andor Technology) to obtain differential interference contrast and fluorescent images. During on-chip cultivation, fresh medium was continuously supplied to the chamber system at a constant rate of 1 ml/min by a peristaltic pump. Yeast cells were grown in SRaf-Leu medium. The temperature of the system was maintained at 30°C throughout the observations by a heated chamber surrounding the microscope. Photoshop CS4 (version 11.0.1) was used for image processing (Fig. S3 ).
Online supplemental material Fig. S3 shows the dynamics of a rod-shaped aggregate in a living cell after the removal of GuHCl, monitored by an on-chip cultivation system. Fig. S4 shows a schematic representation of the relationship between Perrin's factor, F, and the axial ratio, as well as an example of two different sizes of cylinder-shaped molecules with the same axial ratio. Online supplemental material is available at http:// www.jcb.org/cgi/content/full/jcb.201002149/DC1. (Reynolds, 1963) . Immunostaining with anti-GFP polyclonal antibody (1:200 or 1:400 dilution; a gift from T. Kuno, Kobe University, Chuo-ku, Kobe, Japan) was performed on ultrathin sections and picked up on nickel grids (grid type G200HH; Gilder Grids) and an immunogold conjugated (15-nm gold) EM goat anti-rabbit IgG (1: 80 dilution; BBInternational) and then were stained with 3% uranyl acetate for 2 h. The sections were then viewed on an electron microscope (H-7600; Hitachi) at 100 kV. Negatives were scanned and converted to tif images with an Advantage HR (Advanced Microscopy Techniques, Corp.). Photoshop CS4 (version11.0.1; Adobe) was used for image processing ( Fig. 1; Fig. 3 , D-F; and Fig. S1, A-D) .
CLEM Cells were fixed with glutaraldehyde (Polysciences, Inc.) at a final concentration of 2% in 0.1 M of phosphate buffer, pH 7.2, for 2 h at 4°C. After four washes with the buffer, the cells were digested with zymolyase 100T (Seikagaku Co.) at a final concentration of 0.1 mg/ml in the buffer for 30-90 min at 30°C. The cells were then placed in a 35-mm culture dish with a grid (grid size 500 µm; ibidi GmbH). Before use, the dishes were coated with an aqueous solution of 0.2% concanavalin A (Sigma-Aldrich) for 15 min and air-dried after the excess solution was removed. Three-dimensional images (10 focal planes at 0.5-µm intervals) of a cell mounted in 0.1 M of phosphate buffer, pH 7.2, were obtained at 26°C using a microscope system (DeltaVision RT; Applied Precision) equipped with a charge-coupled device (CoolSNAP HQ; Photometrics) and with a Plan-Apochromat 60× NA 1.4 oil immersion objective lens (Olympus) and were computationally processed by threedimensional deconvolution (Agard et al., 1989) using SoftWoRx software (Applied Precision) on the DeltaVision system (Figs. 2 A, 3 A, and 4). Low-melting agarose (final concentration of 1%) was placed on the cells to prevent the loss of cells from the dish during subsequent manipulations, but this step can be eliminated. EM observation of the same cells was performed as follows. The cells were postfixed with an aqueous solution of 2% OsO 4 (Nisshin EM Inc.) for 2 h, washed briefly with distilled water, and stained with 1% uranyl acetate (Merck) in water for 1 h. After washes with distilled water, the cells were sequentially dehydrated with increasing concentrations of ethanol from 50 to 100%, and for embedding, the cells were sequentially incubated in acetone for 10 min, 50% (vol/vol) Epon812 (TAAB) in acetone for 1 h, 66.7% Epon812 in acetone for 1 h, and 100% Epon812 overnight. After a further incubation in fresh 100% Epon812 for 3-4 h, the resin was polymerized at 60°C. The epoxy block containing the same cells observed by fluorescence microscopy was trimmed according to the address on the coverslip. Serial sections with an 80-nm thickness were obtained, stained with 4% uranyl acetate and a commercial ready to use solution of lead citrate (Sigma-Aldrich), and analyzed by a transmission electron microscope (JEM-1200EXS; JEOL) with an acceleration voltage of 80 kV. Images were taken on negative films. After development, the negative films were subjected to the image scanning to convert the analogue data to digital data using a scanner (GT-X978 and Epson File Manager for X software; Epson), and the image data obtained by scanning were saved as a tif file. Fast Fourier transformation was performed using the ImageJ software (National Institutes of Health). A Fourier bandpass filter with a low-frequency cutoff at 0.016 nm 1 and a high-frequency cutoff at 0.24 nm 1 was applied for Fig. 2 C (corresponding to 60 pixels and 4 pixels, respectively, for cutoff parameters in the ImageJ software). Photoshop 11.0.1 was used to adjust the brightness and contrast for figure production (Fig. 2, A-C; Fig. 3 , B and C; and Fig. 4 ). Negatives were scanned and converted to tif images with an Advantage HR. Photoshop CS4 (version 11.0.1) was used for image processing ( Fig. 1; Fig. 3 , D-F; and Fig. S1, A-D) .
Cell lysis
Yeast strains containing YCp-GAL1p-SUP35(NM)-GFP or YCp-GAL1p-GFP were grown to mid-log phase in SRaf-Leu. After 2% galactose (Wako) was added, the yeast were incubated for 4 h at 30°C. Cells were collected by centrifugation, broken with glass beads (Sigma-Aldrich) by vortexing for 1 min at 4°C in lysis buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 10 mM KCl, 0.1 mM EDTA, pH 8.0, 1 mM DTT, and Complete protease inhibitor cocktail EDTA-free [Roche]), and incubated for 1 min on ice. This procedure was repeated for 4-6 cycles. The crude lysates were clarified by centrifugation.
